The neurofibromatosis 2 protein merlin is a classical tumor suppressor protein. Germline mutations predispose to the development of schwannomas, meningiomas and ependymomas. Merlin has been implicated in cellular migration and adhesion. This function is reflected in its subcellular localization at the plasma membrane and known interacting partners. Merlin has been regarded as an exception in not exerting a functional role within the nucleus as other tumor suppressors do. Here, we show that detection of wild-type protein in the nucleus is a rare event. However, splicing out of exon 2 leads to unrestricted entry into the nucleus. Skipping of adjacent exon 3 has no comparable effect ruling out an unspecific effect due to misfolding of the 4.1/JEF domain. Exon 2 functions as a cytoplasmic retention factor as it is able to confer sole cytoplasmic localization to a GFP fusion protein. Nuclear entry of merlin is thus regulated by alternative splicing within the 4.1/JEF domain and analogous to band 4.1 protein. Merlin's ability to enter the nucleus is complemented by a full nuclear-cytoplasmic shuttle protein with a functional Rev-type nuclear export sequence (NES) within exon 15 that facilitates export via the CRM1/exportin pathway. Deletion of this NES or treatment with the CRM1-specific inhibitor leptomycin B leads to overall nuclear accumulation of merlin isoforms missing exon 2. A cellular function different to the wild-type protein is implied for naturally occurring splice variants lacking exon 2. A putative effect of merlin as a transcriptional regulator and identification of nuclear binding partners remains to be elucidated.
INTRODUCTION
Due to its high sequence conservation during evolution and developmental arrest at an early stage in homozygous mutant embryos, the neurofibromatosis type 2 (NF2) tumor suppressor protein named merlin or schwannomin can be regarded as a key regulatory protein for development of the organism. Insights into its biological function have been gained by experimental studies and in the model organisms mouse and Drosophila. In humans, germline mutations of the NF2 gene lead to development of a tumor condition characterized by schwannomas, meningiomas and ependymomas (1) .
The N-terminal half of the NF2 protein comprises a conserved 38 kDa domain, which was originally identified in the red blood cell protein band 4.1 (2) . Subsequently this domain was found to be present in several different protein families and thus has been dubbed the 4.1/JEF domain (for band 4.1, Janus kinase family, ERM protein family, Focal adhesion kinase family) (3) . Based on amino acid sequence homology of its 4.1/JEF domain the NF2 protein is most closely related to members of the ERM family of proteins consisting of ezrin, radixin and moesin. In addition to the N-terminal 4.1/JEF domain, the NF2 protein shares the same secondary structure with the ERM proteins (4) . Furthermore, activity of the NF2 protein is conformationally regulated in the same way as the ERM proteins (5) . In its dormant form the molecule undergoes an intramolecular self-association between the N-terminal 4.1/JEF domain and the C-terminus (6, 7) . Binding affinity of the C-terminus to the 4.1/JEF domain fosters the formation of intermolecular interactions leading to both homodimerization between NF2 proteins and heterodimerization between NF2 protein and ERM family members (8) .
Activation of the small GTPase Rac by growth promoting stimuli has recently been shown to lead to NF2 phosphorylation at serine 518 by the Rac effector kinase PAK2, which is associated with unfolding of the protein and loss of intramolecular self-association (9, 10) .
The growth suppressive potential of the NF2 tumor suppressor protein has been correlated with the hypophosphorylated wild-type protein undergoing intramolecular head to tail binding (11) . This is the predominant form of NF2 found in culture under conditions of growth arrest and contact inhibition, which is localized at the interface between the plasma membrane and the cytoskeleton (12, 13, 14) . In this realm the NF2 protein interacts with several binding partners comprising transmembraneous membrane proteins, cytoskeletal elements and endosomal proteins: CD44, b1-integrin, bIIspectrin, actin, syntenin, SCHIP-1, NHE-RF, Rho-GDI and hepatocyte growth factor-regulated tyrosine kinase substrate (HRS) (2, 13, (15) (16) (17) (18) (19) (20) (21) (22) (23) . Overexpression of merlin is able to inhibit Rac mediated signaling, which is believed to be essential for the metastasis and tumor suppressive potential of NF2 (9) . By yeast two-hybrid analysis HRS has been identified as an NF2 binding protein (23) . HRS stimulates formation of early endosomes and sorting of activated tyrosine kinase receptors into multivesicular bodies for subsequent degradation in lysosomes. In Drosophila mutant HRS is associated with inability to limit signaling induced by the activated tyrosine kinase receptors, i.e. epidermal growth factor receptor and torso (24) . HRS furthermore binds to STAM, a protein implicated in the suppression of cytokineinduced cell growth (25, 26) . Therefore, in addition to its inhibitory effect on activated Rac NF2 protein binding to HRS provides an alternative pathway explaining its tumor suppressive effect.
The NF2 gene is subject to alternative splicing (27) (28) (29) (30) (31) (32) . The two most commonly occurring isoforms differ in the C-terminus of the protein. Isoform I (wild-type protein) correlates with the longest and predominant splice form and consists of exons 1-17 with splicing out of exon 16. Isoform II retains exon 16 resulting in a frameshift and premature stop and consequently in a shortened protein with an altered C-terminus. Recently novel full-length NF2 isoforms have been described with splicing out of more exons, which are targeted subcellularly to cytoplasmic granules or the cell nucleus (32) . Nuclear localization of NF2 as indicated by the novel isoforms is, however, interesting, as it might implicate an additional functional role in this compartment. Matching the exon composition of the isoforms with their subcellular localization we hypothesized that splicing out of exons 2 and/or 3 is a decisive step for entry into the nuclear compartment. This is reminiscent of the prototypical member of the 4.1 superfamily the erythrocyte band 4.1 protein. For the band 4.1 it has been reported that alternative splicing events regulate nuclear localization (33, 34) . Nuclear occurring band 4.1 protein is known to be a component of nuclear speckled domains and to associate with pre-mRNA splicing factors (35, 36) . One of the splicing events contributing to nuclear localization of band 4.1 is skipping of exon 5 (34) . Stimulated by potential splicing events in the 4.1/JEF domain leading to nuclear NF2 localization and a similar and already proven mechanism in the related band 4.1 protein we set out to investigate in more detail the mechanisms determining entry of NF2 into the cell nuclear compartment.
RESULTS
Sequence alignment of exon 5 band 4.1 to NF2 protein
The amino acid sequence of exon 5 of the band 4.1 protein was aligned to the NF2 protein using the ClustalX (37) program in order to identify the homologous region within the NF2 protein (Fig. 1) . Band 4.1 exon 5 is one of the exons coding for the 4.1/JEF domain of the protein 4.1 (exons 4-11) and, therefore, could be expected to be homologous to a segment of the NF2 4.1/JEF domain. The highest degree of homology was found to a region spanning residues 39-64 of the NF2 protein.
Residues 39-80 of the NF2 protein are encoded by exon 2. NF2 exon 2 and band 4.1 exon 5, therefore, encode a homologous section of the 4.1/JEF domain. Although NF2 exon 2 is longer compared to band 4.1 exon 5, the amino acid segment encoded by both exons starts at exactly the same point within the 4.1/JEF domain, which is 18 residues after the beginning of the 4.1/JEF domain in both proteins ( Fig. 1 ) (38, 39) . The crystal structure of the 4.1/JEF domain of both proteins has recently been resolved (38, 39) . NF2 exon 2 and band 4.1 exon 5 could, therefore, be compared to each other in their respective 3D conformation. In both proteins it was found to code for a comparable a-helix within the 4.1/JEF domain.
Deletion of exon 2 promotes nuclear transfer of NF2
In order to evaluate the effect of the deletion of NF2 exons 2 and 3 on nuclear localization, artificial NF2 deletion constructs identical to known splice variants were generated comprising the full-length wild-type sequence with deletion of either exon 2, or exon 3, or both (Fig. 2) . Additionally a deletion construct of exon 2 was created of the NF2 isoform II. All constructs were epitope-tagged at the protein C-terminus for subsequent immunohistochemical localization. For the exon 3 deletion construct NF2Del3 an additional N-terminal HA-epitopetagged variant was generated and its subcellular localization compared to the C-terminally tagged construct. No difference in subcellular localization could be found between the two constructs, as has already been shown for numerous NF2 constructs in other studies (2, 14, (40) (41) (42) (43) (44) ). An inducible eukaryotic expression system was used for transient transfection into NIH3T3 cells and gene expression. Seven hours after induction of gene expression the cells were fixed and processed for immunohistochemistry. As a control an epitope-tagged wildtype NF2 construct was included in the study.
In accordance with previous studies the wild-type NF2 protein was found closely associated with the plasma membrane. Intense immunofluorescence was characteristically found to be homogeneously spread over the entire cell surface including all filopodial protrusions (Fig. 3A) . Wild-type NF2 transfected cells clearly displayed an activated phenotype with numerous cell elongations and filopodial extensions. In sharp contrast, deletion of either exon 2, 3 or both exons 2 and 3 had a profound effect on the subcellular localization of the constructs compared to the wild-type NF2 protein. Uniformly, all deletion constructs characteristically exhibited a punctuate or granular staining ( Fig. 3B-E) . The labeled granules tended not to be clustered around a specific cellular structure but were found diffusely spread over the entire cell area. Often the staining was observed close to the cell margin or near ruffling membranes ( Fig. 3B and D) . In order to identify the subcellular compartment of granular staining, double labeling was performed by phalloidin staining of the actin cytoskeleton. By confocal laser scanning microscopy it was determined that the labeled granules were localized at the actin rich cellular cortex but not in the interior of the cytoplasm (Fig. 3K) .
For all constructs including the wild-type control a variable subset of transfected cells was observed with positive staining in the cell nucleus. The labeling was seen within the nucleoplasm with the exception of the nucleoli. The immunofluorescence intensity of nuclear versus cytoplasmic staining was variable with cells exhibiting labeling in both compartments and cells expressing besides intense nuclear fluorescence almost no residual cytoplasmic staining ( Fig. 3F-J) . Nuclear staining in a cell did not depend on the overall intensity of immunofluorescence staining in that particular cell, indicating that the expression level within a cell did not influence the subcellular localization, i.e., cytoplasmic versus nuclear. For each deletion construct the number of transfected cells with positive nuclear fluorescence was determined (Fig. 4) . Transfection experiments and subsequent immunofluorescence staining were done in parallel for the different NF2 constructs in order to ensure comparability. For each construct a comparable number of positively transfected cells was found and a few hundred positive cells were counted from independent experiments per deletion construct. It became evident that cells expressing the wild-type or NF2Del3 deletion construct only rarely displayed positive nuclear fluorescence (2% and 3%, respectively). Furthermore all constructs deleted of exon 2 (NF2Del2, NF2Del2II, NF2Del2þ3) had consistently in all experiments a slight increase in the number of cells with positive nuclear labeling (6-8%). Therefore, deletion of exon 2 led to a slightly increased nuclear localization of the NF2 protein. We furthermore investigated whether the counts for positive nuclear localization were low because of concomitantly occurring nuclear export. Many proteins are known to be subject not only to nuclear import but also to nuclear export while the export rate overcomes the import rate. The best known mechanism of nuclear export is mediated by the protein CRM1/exportin. CRM1 transports proteins out of the nucleus by binding to a leucine-rich nuclear export signal (NES) (45) . Leptomycin B is a specific inhibitor of CMR1/ exportin and blocks CMR1-dependent nuclear export (46) . To unmask a potential effect of nuclear export on the NF2 protein, the cultures were incubated with leptomycin B. After 2 h of incubation a small increase in nuclear localization was observed for the NF2 wild-type and NF2Del3 construct (7% and 10%). In marked contrast all constructs deleted of exon 2 showed a dramatically increased percentage of cells with prominent nuclear staining (77-95%) (Fig. 4) . We concluded, that merlin is subject to CRM1-dependent nuclear export. After inhibition of leptomycin B sensitive nuclear export, NF2 constructs lacking exon 2 accumulated in the cell nucleus, whereas NF2 wild-type and NF2 lacking exon 3 were found in the cell nucleus still at a low but slightly increased percentage. Furthermore it became evident that under normal cell culture conditions the nuclear export rate of merlin beats the import rate.
Exon 2 encoded residues promote cytoplasmic retention
In order to gain insight into the mechanism of exon 2 domain inhibiting nuclear accumulation of the NF2 protein, a fusion protein GFPex2 was created comprising NF2 exon 2 fused to the N-terminus of green fluorescent protein (GFP). As a control, an exon 3 GFP fusion protein GFPex3 was used. Both constructs were expressed in NIH3T3 cells and their subcellular localization studied. GFPex2 was found to be located in a tubular cytoplasmic compartment, which characteristically encircled the cell nucleus. Only a faint staining of the cell nucleus was identified in cells with a high transfection rate (Fig. 5A) . In contrast the GFPex3 construct was always found to occur inside the cell nucleus in conjunction with a diffuse homogeneous cytoplasmic fluorescence. Incubation with leptomycin B did not influence the subcellular localization of any of the two constructs. Because of its small size GFP alone is able to passively diffuse through the nuclear pore complex. Fusion of exon 3 to GFP was not found to impede this nuclear transfer. Since the length of exon 2 and 3 differs by a single amino acid, restriction of nuclear entry by inhibition of passive diffusion of GFPex2 could be ruled out as a reason for the cytoplasmic retention. Moreover exon 2 encoded residues redirected the GFP from its normal diffuse cytoplasmic distribution to a specific membrane bound intracellular compartment.
Nuclear export signal of the NF2 protein maps to exon 15
The CRM1-dependent NES has been well characterized in a number of different proteins. The NES is known to contain a Invariant residues are shown in white color on black background. Strong and weakly conserved residues are displayed on a grey background. The NF2 exon 2 encoded segment is indicated by the dashed line above the sequence alignment. Band 4.1 exon 5 encoded amino acids are homologous to residues 39-64 of the NF2 protein. This section of the NF2 protein is encoded by exon 2 as indicated by the dashed line. Although NF2 exon 2 encodes a longer amino acid segment compared to band 4.1 exon 5, the amino acid segment encoded by both exons starts at exactly the same point within the 4.1/JEF domain, which is 18 residues after beginning of the 4.1/JEF domain in both proteins.
core of hydrophobic residues put into proper sequence context by the surrounding residues (45) . A search for potential NESs within the NF2 protein using known NES consensus sequences (LX 1-3 LX 2-3 LXL) identified potential sites in exons 2 (aa 46-56), exon 3 (aa 109-120), exon 8 (aa 223-241), exon 9/10 (aa 290-299), exon 10 (aa 296-301) and 15 (aa 535-551). Existence of a leptomycin B-sensitive NES in exon 2 or 3 was ruled out because leptomycin B had no effect on the subcellular localization of GFPex2 and GFPex3. The potential site within exon 15 best matched the published consensus sequence for a leptomycin B-sensitive NES. To demonstrate a functional NES in the NF2 C-terminus, the C-terminal ends of NF2 fused to GFP have been stepwise shortened (see Fig. 2 ). All three constructs were expressed in NIH3T3 cells and their subcellular localization determined in the absence and presence of leptomycin B (Figs 6 and 7) . The GFPex9-17 and GFPex9-15l constructs were found to be homogeneously spread in the cytoplasm without leptomycin B incubation. Both constructs were found in the cell nucleus only in a small subset of cells (<13%). After 2 h incubation with leptomycin B, however, the number of cells with nuclear staining reached 99%. This proved the functional significance of the CRM1-dependent NES consensus sequence within NF2 amino acids 535-551 (Fig. 8) . In contrast the GFPex9-15s construct was found to be diffusely distributed in the cytoplasm and nucleus of all cells. Incubation with leptomycin B apparently had no effect on the subcellular localization of the GFPex9-15s construct. This excluded the presence of a CRM1-dependent NES in this construct of sufficient strength to exclude the protein from the nucleus. Therefore, it became evident, that only the critical domain between amino acids 535-551 is responsible for the exclusion of NF2 wild-type and all constructs deleted of exon 2 from the nucleus under normal cell culture conditions. As reimport back into the nucleus was not inhibited during leptomycin B incubation by the experimental setup the NES within exon15 was considered to be a strong one. To prove the functionality of the NES within the context of the entire protein and to exclude a potential unspecific effect due to leptomycin B treatment itself two more NF2 deletion constructs were created: NF2Del15 comprising the NF2 wild-type sequence with a deletion spanning the NES within exon 15 and NF2Del2þ15 with an additional deletion of exon 2 encoded residues. Subcellular localization of NF2Del15 was found to be indistinguishable from the wild-type protein, i.e., the protein was found at the plasma membrane and in filopodial extensions (Figs 6G and 7). Nuclear localization was seen in a small percentage of cells (5%) comparable to wild-type protein after treatment with leptomycin B. The NF2Del2þ15 construct, however, was observed in the cell nucleus in almost all cells (95%) (Figs 6H and 7) . Therefore, it was comparable to all constructs deleted of exon 2 (NF2Del2, NF2Del2II, NFDel2þ3) in the presence of leptomycin B.
DISCUSSION
Many classical tumor suppressor proteins are known transcriptional regulators and germline mutations of their genes predisposes to cancer syndromes (47) . A subset of these tumor suppressor proteins like the adenomatous polyposis coli (APC) protein or E-cadherin are constituents of larger multimeric protein complexes for cell-cell or cell-matrix adhesion (48, 49) . Despite their localization at the plasma membrane, these tumor suppressor proteins have an additional function in linking changes in cell adhesion to alterations in nuclear gene transcription. APC is able to enter the cell nucleus and this ability is critical for its tumor suppressor function (50) . The NF2 tumor suppressor protein has not been regarded as a protein entering the cell nucleus and, therefore, a direct impingement on gene transcription has been ruled out. However, this prevailing opinion is largely based on wild-type or isoform II constructs expressed transiently in cell lines (2, 14, 32, 43, 44) . In contrast, the subcellular localization of endogenous NF2 is more complex, as it has been described not only at plasma membrane specializations but additionally in cytoplasmic compartments (23, 51, 52) . A hint about nuclear localization of endogenous NF2 has been provided in a single report by Scoles et al. (16) using an antibody raised against the C-terminus of the protein. In the present study the NF2 wildtype protein was found at the plasma membrane as reported in previous studies. Close examination, however, revealed the NF2 wild-type protein within the cell nucleus in a small percentage of transfected cells. A slightly increased percentage was observed after incubation with leptomycin B. This seemed not to be an unspecific effect of leptomycin B treatment, since a similar percentage of cells with nuclear staining was found for the wild-type protein treated with leptomycin B (7%) and for the NF2Del15 construct (5%). NF2Del15 corresponds to the wild-type protein lacking the CRM1 recognition sequence and thus, leptomycin B is not required to study its localization unchanged by concomitant nuclear export. This indicated that the NF2 wild-type protein is subject to CRM1-dependent nuclear export. Interpretation of nuclear export of wild-type protein was difficult due to its low prevalence in this compartment. It became evident, however, that under normal cell culture conditions nuclear localization is determined by its import, but not export rate. Due to merlin's high molecular weight of about 70 kD a passive diffusion of merlin into the nucleus is impossible and, thus, an active transport mechanism across the nuclear membrane is required. Many transcription factors need an activation step i.e., phosphorylation for transport into the nucleus, which might have been missing for the NF2 protein under the cell culture conditions prevailing during the experiments (53) . A likely activation mechanism for merlin's nuclear import could be unfolding of the protein and loss of head to tail binding in response to phosphorylation of the protein (9, 10) .
In sharp contrast, deletion of exon 2 of the wild-type protein led to nuclear localization in almost all cells. This effect, however, had to be unmasked by inhibition of CRM1-dependent nuclear export either by leptomycin B treatment or by deleting the NES sequence in exon 15. The cellular localization and leptomycin B sensitivity of NF2Del2II was identical to that of NF2Del2 indicating that the shortened and more hydrophilic C-terminus of isoform II did not influence entry into the cell nucleus or the biological activity of the NES. Thus, the data reveal a specific effect of exon 2 in preventing NF2 protein from gaining access to the cell nucleus. Misfolding of the protein as a consequence of deletion of a part of the 4.1/JEF domain seems an unlikely explanation for the nuclear uptake, as deletion of exon 3, which is likely to lead to a change in conformation of the 4.1/JEF domain as well (comparable in size to exon 2), did not promote nuclear uptake. The role of exon 2 in promoting nuclear localization might rather be explained by its effect of functioning as a cytoplasmic anchor. Exon 2 encoded residues were sufficient to shift GFP from its regular diffuse nuclear and cytoplasmic localization to a single membrane bound cytoplasmic compartment closely resembling the endoplasmic reticulum. Localization of endogenous NF2 protein in a similar compartment has been described in NIH3T3 cells (52) . Therefore, the regulation of nuclear localization by splicing out of a specific section of the 4.1/JEF domain, which per se is able to confer sole cytoplasmic localization to a nuclear reporter protein, appears to be conserved between NF2 protein and band 4.1 and might apply to more of the 129 proteins containing a 4.1/JEF domain. Similar to NF2 exon 2, band 4.1 exon 5 has an inhibitory effect on nuclear targeting and is able to re-direct a fusion protein destined for nuclear entry to the cytoplasm (34) . The underlying mechanism remains to be elucidated.
In Drosophila the protein scribbler has been identified as a novel NF2 interacting protein. Scribbler is a nuclear protein with a zinc finger domain and potential transcriptional regulator. The authors could not explain how scribbler interacts with the Drosophila NF2 homologue, since Dmerlin is localized at the plasma membrane in Drosophila as well (54) . Our results show nuclear accumulation of NF2 isoforms lacking exon 2 provided that the NES is inhibited or deleted. Potential interacting partners of merlin in the cell nucleus might, therefore, be suggested as well as a functional role of merlin in the regulation of transcription.
The results of a transgenic mouse model might lead the way to a functional interpretation of NF2 isoforms lacking exon 2. Transgenic mice expressing an exon 2þ3 deletion construct identical to NF2Del2þ3 of the present study developed schwannomas typical to human disease despite unhindered expression of endogenous intact NF2 protein (55) . This can only be explained by a dominant-negative or oncogenic potential of NF2 protein lacking exons 2þ3. By our current knowledge few data would support the notion of a dominantnegative effect. NF2 lacking exons 2þ3 does not homodimerize and with the exception of SCHIP-1 does not interact with known NF2 binding partners (56) . Rather it is more likely, that the effect of NF2 lacking exon 2 in promoting Schwann cell proliferation is correlated to its function as a nuclear or nuclear-cytoplasmic shuttle protein.
The biological significance of exon 2 and 15 encoded amino acids is reflected by the distribution and frequency of NF2 missense mutations. Analyzing disease-causing mutations in the NF2 gene, it became evident that missense mutations occur at an extremely low frequency. Strikingly, in a total number of 457 NF2 mutations, there are only 21 unique missense mutations, which corresponds to an incidence of 4.6% (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) (67) . This is in contrast to most other genes, e.g., the CFTR gene with a proportion of 47.5% missense mutations. Of a total number of 27 927 mutations in 1163 genes submitted to the Human Gene Mutation Database Cardiff (http://archive. uwcm.ac.uk/uwcm/mg/docs/hahaha.html) 12 528 represent missense mutations (44.9%). Plotting the codon position of germline and somatic NF2 missense mutations and correlating to NF2 exons a nonrandom distribution became evident. Of all reported missense mutations, 52.4% were found to belong to exons 2 and 15 (23.8% and 28.6% respectively), whereas the percentage of the remaining exons varied from 0 to 14.3%. So far two of the reported missense mutations (L539H, L542H) (61,67) alter the hitherto identified NES sequence involving the first/second leucine of the NES consensus sequence LX 1-3 LX 2-3 LXL. The biological significance of an amino acid substitution at the first/second hydrophobic key residue of the NES has been shown for the c-ABL protein to result in dramatic reduction to one third or a total loss of nuclear export activity, respectively (45) 0 to a functional NES in the C-terminus of the protein. For the APC gene product it has been shown that this strong selective pressure against the presence of the NES in colon cancer cells is linked to the ability of the normal protein to regulate cell proliferation (50) .
The NF2 constructs used in our study correspond to physiologically expressed NF2 protein isoforms. A study concentrating on full-length NF2 isoforms identified alternative in-frame splicing of exon 2 and exon 2þ3 in 6% and 4%, respectively (31) . Skipping of exon 2, 3, 2þ3, are common splicing events and have been found in normal leptomeningeal tissue, human brain and in a human tissue panel (28) (29) (30) (31) . However, transcripts lacking exon 2þ3 have often been regarded as mutant proteins (2, 55) . This view may result from the fact that the transcript lacking exon 2 was first identified in vestibular schwannomas and subsequently was found in many tumor tissues including brain tumors of different histological origin, breast cancer, colon cancer and Ewing sarcoma cell lines (27) (28) (29) (30) . Furthermore, experimental studies showed that NF2 lacking exons 2 and 3 behaved abnormally compared to the wild-type protein. Deletion of exons 2þ3 leads to a conformational change of the molecule as determined by altered chymotrypsin resistance, loss of normal head to tail binding and inability to confer an anti-proliferative effect in cell cultures (2, 11, 56) . In analogy to the band 4.1 protein it is likely that splice variants lacking exon 2 indicate a novel nuclear function of the protein.
There are well known examples of proteins, i.e. BRCA1, showing completely different localization in the cytoplasm versus nucleus between tumors and normal tissue. Thus distinct localization in tumor cells has at first been regarded as aberrant and disease-causing (68) . In the case of BRCA1, subsequent research discovered the aberrant localization to be present in a subset of healthy cells as well. The controversy was later resolved by identification of splice variants resulting in different subcellular localization. It was found that the disease mechanism is not due to aberrant localization but different relative expression levels of isoforms between tumor and healthy tissues (69) . Tissue integrity, therefore, is dependent on the balanced expression level of different isoforms in a tissueand development specific pattern.
MATERIALS AND METHODS

Clones and Plasmids
The NF2 deletion constructs were created using the PCR megaprimer method (70) . NF2 full-length cDNA isolated as described previously (32) was used as template. The chimeric primer sequences for the NF2Del2, NF2Del3, and NF2Del2 þ 3 constr ucts were C TTTG AA ACAT C ATGATCCAGTACCTCGCAATTGAACTCCATCTC, CATCTAAAATCTGCTTCTTTACCTTCTTGTCCATTTT GAGCCAG, and CATCTAAAATCTGCTTCTTTACCTCGC AATTGAACTCCATCT, respectively. The chimeric primer for N E S d e l e t i o n wa s C AG A ATAT C C AG AG C T G T C TCCTCCACAATGAGAACTCCGACAGGGGT. NF2Del2II was created by using a human adult liver cDNA (Clontech, Heidelberg, Germany, MTC panel, K1420-1) as template. The Figure 6 . Subcellular localization of GFP-NF2 C-terminus fusion proteins in absence (A, C and E) and presence of leptomycin B (B, D and F). (A and B) GFPex9-15 s is found in the cell nucleus in both conditions. In contrast GFPex9-15l (C and D) and GFPexon9-17 (E and F) are confined to the cytoplasm untreated, but localize to the cell nucleus after 2 h of leptomycin B treatment. The subcellular localization of the NF2Del15 construct (G) is identical to the wild-type protein (compare to Fig. 3A) . NF2Del2þ15 (H), however, accumulates within the cell nucleus. The latter two experiments were done with no leptomycin B. In contrast, GFPex9-15l and GFPex9-17 are shifted from the cytoplasm to the nucleus in the presence of leptomycin B indicating a CRM1-dependent NES. NES-deleted constructs NF2Del15 and NF2Del2þ15 demonstrate the effect of exon 2 on nuclear localization: presence of exon 2 inhibits nuclear localization, whereas absence of exon 2 in NF2Del2þ15 leads to nuclear accumulation.
PCR yielded a product corresponding to the NF2 isoform II sequence with a 45 bp insertion between exon 16 and 17, which proved identical to a segment of the intron 16 sequence. The 6xHis-epitope is included in all reverse primers with the exception of the NF2Del2II construct, which is tagged by the HA-epitope (YPYDVPDYA). All PCR products were cloned into the pcDNA3.1D directional Topo cloning vector (Invitrogen, Groningen, The Netherlands) and then subcloned into the pGene/V5-His A vector of the GeneSwitch (Invitrogen) mifepristone-inducible eukaryotic expression system as KpnI/ AgeI restriction fragments. The NF2 wild-type sequence was transferred to the pGene/V5-His A vector as HA-epitopetagged construct as well. Fusion proteins GFPex2 and GFPex3 were created by PCR amplification of exon 2 and 3 using primer pairs ACGATGGAGATGAAGTGGAAA-GGGAAGGAC/CCTTCTTGTCCATTTTGAGCC and A C G AT G G A G G TA C T G G AT C AT G AT G T T T C A / CCTGTAAGAAGAATAAATGTTG and ligation into the pcDNA3.1/CT-GFP-TOPO vector (Invitrogen). For the N-terminal GFP fusion proteins TTTACTATTAAACC ACTGGATAAGAAAATT was used as 5 0 primer in combination with 3 0 primers CTAATGCTTGCTCTTTTCCA-TGTATTC, CTACAGAATATCCAGAGCTGTCTC and CTAGAGCTCTTCAAAGAAGGCCAC for the GFPex1-15 s, GFPex1-15l and GFP1-17 construct, respectively. PCR products were ligated into the pcDNA3.1/NT-GFP-TOPO vector (Invitrogen).
Cell Culture and Transfection
NIH3T3 cells (DSMZ ACC 59) obtained from the German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany) were maintained in Dulbecco's modified Eagle's medium supplemented with 10% heatinactivated fetal bovine serum (PAA-Biologics, GmbH, Marburg, Germany), 100 U/ml penicillin and 100 mg/ml streptomycin. Cells were incubated at 37 C in an atmosphere of 5% CO 2 in Corning tissue culture flasks. Cells were routinely subcultured before reaching confluency. For transfection experiments cells were seeded onto Nunc chamber slides (Nunc, Naperville, IL USA) and allowed to attach for 4 h. As transfecting agent the FuGene reagent (Roche, Mannheim, Germany) was used according to the manufacturer's instructions. Purified plasmids for expression of the GFP fusion proteins were added at 1 mg per well. After 24 h cells were fixed and processed for immunofluorescence. Constructs cloned into the pGene/V5-His A inducible vector were co-transfected at a ratio of 3 : 1 together with the pSwitch vector (Invitrogen) coding for the GeneSwitch GAL4-DBD/hPR-LBD/p65-AD regulatory protein. After 16-20 h gene expression was induced by adding fresh medium containing 1Â10
À8 M mifepristone. Cells were incubated for an additional period of 7 h and subsequently fixed and processed for immunofluorescence. For experiments requiring inhibition of CRM1-dependent nuclear export leptomycin B (Sigma-Aldrich, Deisenhofen, Germany) was added at a concentration of 10 ng/ml 2 h prior to fixation.
Immunofluorescence and confocal laser scanning microscopy NIH3T3 fibroblast cultures were fixed by adding an equal amount of freshly prepared 3% paraformaldehyde in 80 mM KPIPES (pH 6.9) (Sigma-Aldrich) supplemented with 5 mM EGTA and 2 mM MgCl 2 to the culture medium for 30 min. Cells were quenched for 15 min in freshly prepared NaBH 4 (0.5 mg/ml) (Fluka, Buchs, Switzerland) in PBS, pH 7.4, and after washing with PBS, they were permeabilized for 5 min in 0.1% Triton X-100 in PBS. After incubation in PBS plus 5% normal donkey serum, the slides were washed and incubated with the primary antibody in PBS including 0.2% bovine serum albumin (PBS-BSA). For the detection of the 6xHis or HA epitope mouse monoclonal antibodies (Roche) were used in a 1 : 200 dilution. After a washing step in PBS the slides were incubated with biotinylated donkey anti mouse antiserum in a 1 : 200 dilution in PBS-BSA (Jackson Laboratories, Dianova, Hamburg, Germany). The biotin was subsequently visualized by streptavidin-Alexa 488 conjugate (Molecular Probes, Leiden, The Netherlands) diluted 1 : 500 in PBS-BSA in a third step. For the visualization of the actin cytoskeleton Alexa-568 phalloidin was included in the last incubation step in a 1 : 50 dilution. The GFP fusion proteins were detected by a rabbit antiserum (Molecular Probes) followed by a donkey anti rabbit Cy3 secondary antibody. Slides were mounted in Prolong antifade reagent (Molecular Probes) or Vectashield (Vector Laboratories, Linaris, Wertheim-Bettingen, Germany) and examined by confocal laser scanning microscopy.
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